ZnO epitaxial films were grown on ͑0001͒ sapphire substrates by radio-frequency plasma-assisted molecular beam epitaxy. Au/ZnO/Au metal-semiconductor-metal ultraviolet photodiodes with various finger widths and pitches ranging from 10 to 30 m were also fabricated. It was found that we achieved largest detector responsivity from the 10 ϫ 10 photodiodes with 10 m finger width and 10 m pitch. It was also found that the responsivity increases with the applied bias. With an incident wavelength of 370 nm and 1 V applied bias, it was found that the responsivity for the 10 ϫ 10 photodiode was 0.135 A/W, which corresponds to a quantum efficiency of 44.9%. Furthermore, it was found that noise equivalent power and corresponding detectivity D * of the 10 ϫ 10 photodiodes were 3.17 ϫ 10 In recent years, much research has been focused on semiconductor-based ultraviolet ͑UV͒ photodiodes.
In recent years, much research has been focused on semiconductor-based ultraviolet ͑UV͒ photodiodes. 1 Photodiodes operating in UV region are important devices that can be used in various commercial and military applications. For example, visibleblind UV photodiodes can be used in space communications, ozone layer monitoring, and flame detection. Currently, light detection in UV spectral range still uses Si-based optical photodiodes. Although Si-based photodiodes are sensitive to visible and infrared radiation, the responsivity in UV region is low as room-temperature bandgap energy of Si is only 1.2 eV. With the advent of optoelectronic devices fabricated on wide direct band gap materials, it becomes possible to produce high-performance solid-state photodiodes that are sensitive in the UV region. For example, GaN-based UV photodiodes are already commercially available. 2, 3 ZnSe-based UV photodiodes have also been demonstrated. 4 ZnO is another wide direct bandgap material that is sensitive in the UV region. 5, 6 The large exciton binding energy of 60 meV and wide bandgap energy of 3.37 eV at room temperature make ZnO a promising photonic material for applications such as light-emitting diodes, laser diodes, and UV photodiodes. Indeed, ZnO has attracted much attention in recent years. [7] [8] [9] High-quality ZnO epitaxial layers can be grown by metallorganic chemical vapor deposition, 5 molecular beam epitaxy ͑MBE͒, 10 and pulsed laser deposition 11 on top of ZnO substrates, 6 sapphire substrates, 12 and epitaxial GaN layers. 13 ZnO Schottky diodes and metal-semiconductor-metal ͑MSM͒ photodiodes detecting in UV region have also been demonstrated. 8 MSM photodiodes consist of two interdigitated Schottky contacts deposited on top of an active layer. The reduced parasitic capacitance of this structure, as well as the low dark current and noise values, and its linearity with optical power, make MSM detectors the most promising candidates for high-speed photodetection. 14-16 To achieve high-performance MSM UV photodiodes, it is important to improve crystal quality and to achieve large Schottky barrier height at metal-semiconductor interface. A large barrier height leads to small leakage current and high breakdown voltage which could result in improved responsivity and photocurrent to dark current contrast ratio. To achieve a large Schottky barrier height on ZnO, one can choose metals with high work functions. 17 However, many of the high work function metals are not stable at high temperatures. In other words, severe interdiffusion might occur at the metal-ZnO interface. In addition, further progress can be achieved by optimizing the processing or the design. In this work, we report the growth of ZnO epitaxial layers by MBE and the fabrication of ZnO-based MSM photodiodes with various finger widths and pitches. The noise behavior of the fabricated ZnO MSM photodiodes is also discussed.
Experimental
Samples used in this study were all grown by radio-frequency ͑rf͒ plasma-assisted MBE ͑Omni Vac͒ on sapphire ͑0001͒ substrates. The base pressure in the growth chamber was ϳ1.4 ϫ 10 −11 Pa. The source material of Zn was elemental Zn ͑6N͒ evaporated from a commercial Knudsen cell ͑Crea Tech͒. Active oxygen and nitrogen radicals were separately produced by two rf-plasma systems ͑SVTA͒. The flow rate of oxygen/nitrogen gas was controlled by a mass flow controller ͑ROD-4, Aera͒. Prior to the growth, we first degreased sapphire substrates in trichloroethylene and acetone. These sapphire substrates were then etched in H 2 SO 4 :H 3 PO 4 = 3:1 at 110°C for 30 min followed by rinsing in deionized water. The sapphire substrates were then loaded into the growth chamber. We then exposed the sapphire substrates to oxygen radicals for 30 min at 180°C with 350 W rf power and 2.5 sccm oxygen flux so as to form oxygen-terminated sapphire surface. After this treatment, we exposed the sapphire substrates to nitrogen radicals for 1 h at 180°C with 480 W rf power and 3.0 sccm nitrogen flux for nitridation. When ZnO is directly grown on Al monolayer-terminated surface, inversion domains are inevitably introduced to the ZnO epilayer due to the coexistence of Al sublattice and O sublattice on this surface. Note that the formation of a uniform O-terminated surface prior to nitridation is crucial for the formation of the N-polar AlN and the suppression of the Zn-polar inversion domains. Note also that nitridation involves the diffusion of nitrogen atoms into sapphire and the substitution for oxygen. We can thus achieve N-polar AlN thin layer due to atom substitution 18 and subsequently achieve high-quality unipolar single-domain ZnO films. From the reflection high energy electron diffraction patterns, it was found that a very thin AlN layer ͑ϳ2 nm͒ was formed with a 30°in-plane rotation of its lattice with respect to that of sapphire substrates after nitridation. We subsequently grew a 1000 nm thick unintentionally doped ZnO epitaxial layer with conventional two-step growth method, i.e., a lowtemperature buffer layer grown at 400°C, and a high-temperature layer grown at 650°C. After the growth, we in situ annealed the ZnO epitaxial layer at 750°C. At this moment, we observed 3 ϫ 3 reconstruction pattern which indicates O-polar of our ZnO films. 19 From room-temperature Hall measurements, it was found that carrier concentration and mobility of the as-grown ZnO films were 1.71 ϫ 10 16 cm −3 and 26.4 cm 2 /V s, respectively. The low mobility observed from our ZnO epitaxial layers should directly relate to the large lattice mismatch between ZnO and the underneath sapphire substrates. Room-temperature photoluminescence ͑PL͒ and X-ray diffraction ͑XRD͒ measurements were also performed to evaluate quality of the as-grown samples.
MSM photodiodes with various finger widths and pitches were then fabricated. We first cleaned the ZnO samples by acetone and methanol. 100 nm thick Au film was subsequently deposited onto the sample surface by E-gun evaporation to serve as metal contacts. Standard lithography and etching were then performed to define the interdigitated contact pattern. All the devices have an active area of 200 ϫ 200 m. The schematic structure of the ZnO MSM photodetectors with 10 m finger width and spacing is shown in Fig. 1 . Photocurrent and dark current of the fabricated photodiodes were then measured by an HP4145B semiconductor parameter analyzer. Spectral responsivity measurements were also performed using a 250 W xenon arc lamp light source and a monochromator. Lowfrequency noises of the fabricated photodetectors were also measured in the frequency range of 1 Hz to 100 kHz using a low noise current preamplifier and an HP35670A fast Fourier transform spectrum analyzer. Figure 2 shows room-temperature PL spectrum of our ZnO epitaxial films. It was found that we observed a strong excitonic related PL peak at 375 nm ͑3.31 eV͒ and a very weak green band emission at around 450 nm. The green luminescence band is originated from oxygen vacancy related defects. It was also found that full-widthhalf-maximum ͑fwhm͒ of the excitonic related PL peak was only 88 meV. 12 Furthermore, it was found that the intensity ratio between excitonic band emission and green band emission was extremely large. These results all indicate good crystal quality of our ZnO epitaxial layers. 12 The inset in Fig. 1 shows measured XRD spectrum of the 1000 nm thick ZnO epitaxial film prepared on sapphire substrate. The peak occurred at 2 = 41.9°in the spectrum was originated from the ͑006͒ plane of sapphire substrate. We also observed a ZnO ͑002͒ XRD peak at 2 = 34.3°with a fwhm of 0.12°. Such a result indicates that the ZnO film was preferentially grown in c-axis direction. The small fwhm of the ZnO͑002͒ XRD peak again indicates good crystal quality of our samples. Figure 3 shows current-voltage ͑I-V͒ characteristics of the fabricated ZnO MSM photodiodes with various finger widths and pitches measured in dark ͑dark current͒ and under 370 nm illumination ͑photocurrent͒. The dark current is originated from thermionic and field emission of carriers. With the same applied bias, it was found that we achieved the highest dark current from the 10 ϫ 10 photodiode with the smallest finger width ͑i.e., 10 m͒ and pitch ͑i.e., 10 m͒. This could be attributed to the largest electrical field induced in the photodiode with the smallest finger widths and pitches. Again, it was found that we achieved the largest photocurrent from the 10 ϫ 10 photodiode with the smallest finger width and pitch.
Results and Discussion
Photocurrent to dark current contrast ratios for the fabricated photodiodes can also be determined from the measured dark currents and photocurrents, as shown in the insert in Fig. 3 . With 5 V applied bias, it was found that photocurrent to dark current contrast ratios were 5790, 187, and 17.5 for the 10 ϫ 10, 20 ϫ 20, and 30 ϫ 30 ZnO MSM photodiodes, respectively. These values indicate that the reduction of the finger width and pitch enhances the photocurrent to dark current contrast ratios of our ZnO MSM photodiodes. Figure 4 shows measured optical responsivity of the fabricated photodiodes. It was found that we achieved larger detector responsivity from the photodiodes with smaller finger width and 
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Journal of The Electrochemical Society, 154 ͑1͒ H26-H29 ͑2007͒ H27 pitch. It was also found that the responsivity increases with the applied bias. Figure 5 shows measured spectral responsivities of the 10 ϫ 10 ZnO MSM photodiodes. As shown in Fig. 5 , it was found that the photodiode responsivities were nearly constants in the below bandgap UV region while sharp cutoffs with a drop of three orders of magnitude occurred at ϳ370 nm. With an incident wavelength of 370 nm and 1 V applied bias, it was found that the maximum responsivity for the fabricated photodiodes was 0.135 A/W, which corresponds to a quantum efficiency of 44.9%. Figure 6 shows low-frequency noise spectra of the 10 ϫ 10 ZnO MSM photodiodes with Au electrodes. From these curves, it was found that measured noise power densities, S n ͑ f͒, could be fitted well by 1/f ␥ with ␥ = 1. The observed pure 1/f noise indicates that trapping states are distributed uniformly in energy for the device. For a given bandwidth of B, we could estimate the total square noise current by integrating S n ͑ f͒ over the frequency range
where S n ͑ f͒ in the bandwidth range from 0 to 1 was assumed to be the same and equals to S 0 ͓S n ͑ f͒ at 1 Hz͔. Thus, the noise equivalent power ͑NEP͒ can be given by
where R is the responsivity of the photodiodes. The normalized detectivity, D * , could then be determined by
where A and B are the area of the photodiode and the bandwidth, respectively. For a given bandwidth of 100 Hz and a 1 V applied bias, we found that NEP and corresponding detectivity D * of our Au/ZnO/Au MSM photodiodes were 3.17 ϫ 10 −13 W and 2.23 ϫ 10 12 cm Hz 0.5 W −1 , respectively. Note that the value of D * measured from the fabricated photodiodes were higher than that observed from other GaN-based and ZnSe MSM photodiodes. 20, 21 Such a result suggests ZnO is potentially useful for UV detector applications. As shown in Fig. 7 , it was found that NEP increased and D * decreased monotonically with the applied bias. This is because the increase in responsivity is much smaller than the increase of total noise power density as the applied bias is increased for our photodiodes. Thus, NEP and D * of our photodiodes were both dominated by the total noise power density. The insert plot in Fig. 7 shows noise power density as a function of dark current for the fabricated photodiodes measured at 100 Hz. It was found that mea- 
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where S n ͑ f͒ is the spectral density of the noise power, K is a constant, I d is the dark current, ␤ and ␥ are two fitting parameters. From  Fig. 7 , it was found that ␤ and ␥ were 2 and 1, respectively. Such a result agrees well with Kleinpenning's model that spectral density of 1/f noise should proportional to I d 2 . 22 In other words, 1/f noise induced increase in current is related to the modulation of Schottky barrier height by uniformly distributed trapping states in our photodetectors.
Conclusions
ZnO epitaxial films were grown on sapphire substrates by MBE. Au/ZnO/Au MSM UV photodiodes with various finger widths and pitches ranging from 10 to 30 m were also fabricated. It was found that we achieved largest detector responsivity from the 10 ϫ 10 photodiodes with 10 m finger width and 10 m pitch. It was also found that the responsivity increases with the applied bias. With an incident wavelength of 370 nm and 1 V applied bias, it was found that the responsivity for the 10 ϫ 10 photodiode was 0.135 A/W, which corresponds to a quantum efficiency of 44.9%. Furthermore, it was found that NEP and corresponding detectivity D * of the 10 ϫ 10 photodiodes were 3.17 ϫ 10 −13 W and 2.23 ϫ 10 12 cm Hz 0.5 W −1 , respectively.
